lead to the initiation of a cellular immune response that can respond to bacterial-derived peptides presented on that proteins synthesized after Legionella had established residence in an ER-derived vacuole were pre-MHC II. In this study, Legionella was used as a model organsented by infected APCs. These data indicate that the ability of DCs to restrict intracellular growth of Legioism to dissect the mechanism by which adaptive immune responses are generated against vacuolar pathonella could be an important property that facilitates priming of protective T cell-mediated immune regens. Legionella is the etiological agent of a severe bacterial pneumonia known as Legionnaires' disease sponses to vacuolar pathogens. transport and reside in conventional phagosomes that To understand immunity to these pathogens, it is imare rapidly transported to lysosomes (Berger and Isberg, portant to determine how T cell responses are primed 1993; Roy et al., 1998). Using wild-type Legionella and and the mechanism by which bacterial antigens become a dotA mutant strain, isogenic bacteria that reside in available for presentation on MHC II. These questions different subcellular organelles, we set out to determine have been addressed primarily by examining the interacthe extent to which residence in an ER-derived vacuole tions between vacuolar pathogens and macrophages.
Introduction mation of a degradative phagolysosome (Horwitz, 1983b) . As they are transported, phagosomes containing A common strategy employed by bacterial pathogens to infect eukaryotic host cells is to establish residence Legionella associate with vesicles exiting the ER (Kagan and and are converted into a ribosome-lined in a membrane-bound vacuole that does not fuse with lysosomes (Sinai and Joiner, 1997). This strategy has organelle that supports intracellular replication (Horwitz, 1983a transport and reside in conventional phagosomes that To understand immunity to these pathogens, it is imare rapidly transported to lysosomes (Berger and Isberg, portant to determine how T cell responses are primed 1993; Roy et al., 1998) . Using wild-type Legionella and and the mechanism by which bacterial antigens become a dotA mutant strain, isogenic bacteria that reside in available for presentation on MHC II. These questions different subcellular organelles, we set out to determine have been addressed primarily by examining the interacthe extent to which residence in an ER-derived vacuole tions between vacuolar pathogens and macrophages.
shelters Legionella antigens from processing and presentation on MHC II, events critical for the initiation of adaptive immunity. Results intracellularly, bacterial numbers inside of these organelles were considered low ( Figure 1B Figure 1C ), indicating that virulent Legionella croscopy 2 hr after infection ( Figure 1A ). Fluorescence microscopy was used to determine whether intracellular were not killing DCs before intracellular bacteria had an opportunity to replicate. The intracellular growth rate of Legionella could replicate in DCs. Surprisingly, when DCs infected with wild-type Legionella were examined Legionella in DCs was compared to BMMs by measuring colony-forming units (CFUs) of bacteria over a period 12 hr after infection, large replicative vacuoles were not detected. Most 12 hr phagosomes contained only a sinof 48 hr following infection ( Figure 1D ). There was no measurable increase in bacterial CFUs over 48 hr followgle bacterium ( Figure 1A) . In 2.6% of the DCs infected with wild-type Legionella, small vacuoles containing four ing infection of DCs ( Figure 1D ). Similar to results using bone marrow-derived DCs, Legionella did not replicate to six bacteria were scored as replicative vacuoles; however, given the normal 2 hr doubling time for Legionella in primary DCs isolated from the spleen ( Figure 1D ). Using BMMs infected in parallel, exponential growth of amined, phagosomes containing Legionella were morphologically similar to the ER-derived organelles Legionwild-type Legionella was observed ( Figure 1D ), demonstrating that these bacteria were competent for intracelella create in BMMs. ER vesicles, ribosomes, and mitochondria were associated intimately with the memlular growth. These data independently confirm singlecell assays showing that DCs restrict the intracellular branes of vacuoles containing wild-type Legionella (Figure 3A) . The membrane surrounding phagosomes congrowth of wild-type Legionella.
taining dotA mutants appeared naked, lacking attached vesicles, ribosomes, and mitochondria ( Figure 3B gionella, our data indicate that these bacteria are still (Figure 6E ). By contrast, using with Legionella by restricting intracellular growth may cells fixed 17 hr after infection, the T cell response dehave important consequences on the ability of these tected for DCs infected with wild-type Legionella was APCs to stimulate an adaptive immune response. Premore than double that detected for DCs infected with sumably, Legionella-infected DCs will have time to midotA mutants ( Figure 6E ). To determine whether this grate from the site of infection to lymphoid organs and difference was dependent on de novo synthesis of propresent captured antigens to naive T cells that maintain teins by intracellular bacteria, the antibiotic chloramresidence within these tissues, which would facilitate phenicol, which will inhibit bacterial but not host protein the priming of adaptive immune responses. oles synthesize GFP, meaning that these bacteria reThese data suggest that immunization of mice with main metabolically active after being internalized by wild-type Legionella results in the generation of two DCs. These data indicate that the mechanism by which different categories of T cells: those that can respond DCs restrict replication of Legionella allows production to common determinants presented by both wild-type of proteins that are induced intracellularly. In addition, and dotA mutant Legionella and a subset of T cells that cellular events that lead to the selection of Legionella respond to newly synthesized antigens produced only antigens for presentation on the surface of infected DCs by Legionella residing in an ER-derived organelle. This should be similar to those occurring in infected macrohypothesis was tested using T cells isolated from mice phages. Thus, the repertoire of bacterial determinants immunized with dotA mutant bacteria. As shown ( Figure  being presented by infected DCs should be similar to 6F), programmed CD4 T cells from dotA-immunized that on infected macrophages. This means that the naive mice gave an equivalent response to DCs infected with T cells being stimulated by infected DCs will be specific wild-type as they did to DCs infected with dotA mutant for many of the same bacterial epitopes being displayed Legionella. Additionally, this response was not affected by infected macrophages. This phenomenon may allow by inhibiting bacterial protein synthesis with chloramselection of a T cell population that will provide the help phenicol after uptake. These data suggest that mice necessary to activate infected macrophages enabling immunized with a dotA mutant fail to produce effector them to kill intracellular bacteria and resist reinfection.
Following synthesis, was added to the DC culture after Legionella infection by M. tuberculosis, or another intracellular internalization. The addition of chloramphenicol after pathogen that replicates slowly, DC-mediated growth infection of DCs by dotA mutant bacteria did not affect restriction may not be as important for T cell priming as the T cell response. However, for DCs fixed 17 hr after these APCs could theoretically survive infection long infection with wild-type Legionella, the addition of chlorenough to accomplish this task. Consistent with this amphenicol diminished the T cell response to a level hypothesis, it has been shown that murine DCs support equivalent to that detected using DCs infected with

T cells that respond to bacterial determinants synthe-
In support of this model, we found that T cells isolated sized after APCs have been infected with wild-type Lefrom mice immunized with wild-type Legionella regionella.
sponded better to APCs infected with wild-type Legionella compared to APCs infected with dotA mutants.
Discussion
These data indicate that wild-type Legionella are unable to avoid MHC II presentation by residing in an ERPathogens that infect professional APCs and replicate derived vacuole and suggest that the adaptive response within nondegradative vacuoles present a unique chalbeing generated in infected animals may include T cells that are able to recognize bacterial determinants that lenge to the host immune system. Unlike bacteria that Legionella at an MOI of 10 or left uninfected. Supernatants were collected at 24 hr and IL-12 production was measured by ELISA to coverslips and fixed as described above. DCs were stained for LAMP-1 using antibody 1D4B (Chen et al., 1985) , and MHC II was using Pharmingen IL-12 p40 and p70 reagents. Data represent the average IL-12 content of three independent wells ϮSD. stained using the Rivoli antibody. Phagosomes were scored as LAMP-1 positive if an unambiguous ring of LAMP-1 staining was seen around a bacterium. Data shown are the average ϮSD of Assays to Measure Presentation of Legionella Antigens Legionella-specific CD4 T cells were produced by immunizing 6-to three independent experiments where at least 50 phagosomes were scored.
8-week-old A/J mice intraperitoneally (IP) with 1 ϫ 10 6 CFU of wildtype or dotA Legionella, and then boosting 2 weeks after immunizaTo examine the formation of ER-derived vacuoles, DCs were infected with wild-type and dotA strains of Legionella for 5 min at an tion with 1 ϫ 10 6 CFU of Legionella. Spleens were isolated from mice 6 days after boosting, and CD4 T cells were positively selected MOI of 100. Extracellular bacteria were removed, and cells were incubated for 2 hr in fresh medium. Cells were fixed for 1 hr at room using the MACS system (Miltenyi Biotech). CD4 T cells from unimmunized mice were isolated in parallel. The individual panels in Figure .55], producing the GFP protein, and cells were further incubated for 6 hr after extracellular bacteria were removed. Cells were fixed as 100 units/ml Penicillin, 100 g/ml Streptomycin), and then supernatants were collected from each well. T cell responses were measured described above and stained with an antibody specific for calnexin as described previously (Kagan and Roy, 2002). Phagosomes were by determining the amount of IFN-␥ present in these culture supernatants using an ELISA assay (Pharmingen). Data represents the scored as calnexin-positive if an unambiguous ring of calnexin staining was seen around a bacterium. Data shown are from a single average IFN-␥ concentration for three independent wells ϮSD. When using fixed DCs, immature DCs were infected with Legioexperiment that was repeated once and yielded similar results.
nella at an MOI of 20 for 1 hr, and then DCs were positively selected on magnetic columns using anti-CD11c magnetic beads (Miltenyi Assaying Intracellular Synthesis of GFP Protein by Legionella Biotech). After DCs were eluted, they were divided equally into three De novo synthesis of GFP by intracellular Legionella was measured aliquots. To determine the number of Legionella internalized, 1 ϫ as described previously (Sturgill-Koszycki and Swanson, 2000), with 10 5 DCs from one sample were disrupted by hypotonic lysis, and minor modifications. In brief, DCs were infected at an MOI of 50 with bacterial CFUs were measured on CYE agar plates. The remaining wild-type or dotA mutant strains of Legionella harboring pAM239. In DCs in this sample were placed immediately into 2% PFA for 20 one set of infections, production of GFP protein was induced prior min at room temperature. Fresh DC medium was added to the to infection by growing bacteria on CYE plates containing 0.1 mM remaining samples of infected DCs. To one sample chloramphenicol IPTG. In the other set of infections the bacteria were grown on CYE (12.5 g/ml) was added, and the other was left untreated. DCs were plates without IPTG to ensure that there would be no production of further incubated for 16 hr and then fixed in 2% PFA for 20 min at GFP prior to infection. After infection and a 1.5 hr chase, IPTG (0.2 room temperature. Fixed DCs (1 ϫ 10 5 ) in T cell medium were added mM) was added to indicated wells to stimulate the production of to 96-well flat-bottom dishes. CD4 T cells were isolated as described the GFP protein by intracellular bacteria. DCs were incubated at above, and 5 ϫ 10 5 T cells were added to wells containing fixed 37ЊC for an additional 4 hr. Cells were fixed, stained, and examined DCs. After incubation for 48 hr at 37ЊC, supernatants were collected as described above.
and IFN-␥ levels were measured by ELISA. Antigen presentation by macrophages was measured similarly.
Assays to Measure Processing and Presentation of HEL on MHC II
To obtain heat-killed bacteria, a 1 ml suspension of 1 ϫ 10 9 LegioDCs were plated in 24-well tissue culture dishes at a concentration nella was incubated at 80ЊC for 45 min. Conditioned tissue culture of 1 ϫ 10 6 cells/well and infected at an MOI of 50 with Legionella medium containing Legionella proteins shed by extracellular bactestrains containing pAM239. After infection for 1 hr, DCs were washed ria during DC infection was prepared by doing mock infections in to remove extracellular bacteria and incubated for 1 hr in fresh DC wells that did not contain DCs. After 1 hr, intact bacteria were remedium containing 1 mg/ml of either HEL or BSA. DCs were washed moved from the conditioned medium by centrifugation at 1000 g and incubated for an additional 4 hr in antigen-free medium. DCs for 10 min. To compare levels of antigen presentation, DCs were were fixed as described above and stained with the Rivoli antibody incubated with either bacteria-conditioned medium for 16 hr or with and the rat monoclonal antibody C4H3 (Zhong et al., 1997) . The medium containing either live or heat-killed bacteria. DCs were then C4H3 antibody specifically binds to the MHC II complex consisting fixed and T cell responses were measured as described above. 
